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Abstract
We study the transport coeﬃcients of PrIr2Zn20 and PrRh2Zn20 with non-Kramers doublet
ground state. From the resistivity measurement, we commonly found a convex temperature
dependence at high temperatures. At low temperatures, an anomaly at T ∗ is discovered near
the boundary of the antiferro-quadrupole (AFQ) ordering phase in both systems. The Fermi
liquid behavior with a large electron mass is observed below T ∗. Thus a non-trivial heavy
Fermion state would be formed there. In contrast, from the quantum oscillation of the Seebeck
coeﬃcient of PrRh2Zn20, the electron mass is found to be small below the critical ﬁeld for
B ‖ [110], which is consistent with negligibly mass Seebeck coeﬃcient of PrIr2Zn20. Since
these features are detected in both compounds, they are expected to be universal properties of
non-Kramers systems.
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1 Introduction
Orbital degree of freedom is important, especially for d- or f -electron systems, because it
plays an essential role of determining the low-temperature properties. In such systems, more
exotic physics such as quadrupole Kondo eﬀect are expected to realize at low temperature.
However, the systematic understanding for these systems have not been progressed because
not only orbital but also spin degrees of freedom are often active in such systems and it is too
complicated to identify the physics arising from the orbital degrees of freedom.
Theoretically, the realization of a quadrupole Kondo eﬀect, which is a consequence of pos-
sible interaction between quadrupole moments and conduction electrons, have been suggested
in such a system [1, 2]. According to this theory, in a non-Kramers system with twofold orbital
degeneracy, the eﬀective interaction still remains ﬁnite at low temperature and, as a conse-
quence, the free quasi-particle picture like general Kondo eﬀect cannot be adapted. Therefore
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the physical properties are expected to exhibit a non-Fermi liquid (NFL) behavior in this sys-
tem. In addition, in the framework of this theory, the entropy of the non-Kramers doublet is
not completely released even at absolute zero. Therefore the quadrupole Kondo eﬀect cannot
be the ground state, and a non-trivial electronic state is expected to realize. Stimulated by this
theory, a lot of physicists have been keen to research the multipolar systems more intensively.
In recent years, due to the advent of Pr 1-2-20 systems, such theoretical predictions and
the other fundamental properties have been established to investigate more precisely and ex-
tensively. The systems is suitable for studying the multipolar properties because the magnetic
moment is inactive at the CEF ground state, namely non-Kramers doublet. Typical Pr 1-2-20
systems include PrTr2Al20 (Tr = Ti, V) and PrTr2Zn20 (Tr = Ir, Rh). The former was re-
ported that the FQ (Ti) and AFQ (V) ordering occurred at T = 2.0 K and 0.6 K, respectively,
and superconducting transitions occurred inside their phases [3, 4, 5]. The superconductivity
for PrTi2Al20 and the eﬀective electron mass were found to drastically enhance at a certain
pressure where the ordered phase was suppressed toward 0 K [6, 7]. For PrV2Al20, intriguingly,
the large eﬀective mass even under ambient pressure was reported [5]. By applying magnetic
ﬁelds, the superconducting phase is easily broken, and then a non-trivial heavy Fermion state
was conﬁrmed to form by an anomalous enhancement of the Seebeck coeﬃcient [8, 9]. Addition-
ally in PrV2Al20, non-Fermi liquid (NFL) behaviors of the resistivity (∝
√
T ) and speciﬁc-heat
(∝ − log T ) were also observed above the ordered phase [3]. This has been pointed out that
such properties would be related to the quadrupole Kondo eﬀect.
To identify the eﬀect of the orbital degrees of freedom, we should compare the physical
properties between the related compounds and examine their common and diﬀerent points.
Thus, we measured the transport coeﬃcients of PrRh2Zn20 and PrIr2Zn20. In this paper, we
shall discuss the common and diﬀerent points of these compounds in terms of the resistivity
and Seebeck coeﬃcient.
2 PrTr 2Zn20 (Tr = Ir, Rh)
Pr 1-2-20 systems are often represented by PrTr2X 20 (Tr : transition metal, X = Al, Zn). Due
to the strong spin-orbital coupling of Pr3+ 4f electron, the total angular momentum J plays a
good quantum number and describes the multipolar degrees of freedom. 4f2 conﬁguration of
the Pr ion leads to a nine-fold degeneracy with J = 4, and it is lifted by the cubic CEF eﬀect
of a CeCr2Al20-type structure (space group : Fd3¯m) in Γ3 doublet, Γ4 triplet, Γ5 triplet, and
Γ1 singlet in ascending order in this system. The Γ3 doublet is separated from the ﬁrst excited
Γ4 triplet by several dozens kelvin, and regarded as a well-localized system. In addition, the Pr
ion is encapsulated by 16 X ions forming a Frank-Kasper type cage, so that the 4f electrons
can have an opportunity to hybridize strongly to the conduction electrons.
As mentioned above simply, PrTr2Zn20 (Tr = Ir, Rh) is one of the Pr 1-2-20 systems in the
case of X = Zn. The Γ3 non-Kramers doublet carries two types of electric quadrupole moments
O02 ≡ (3J2z − J2)/2 and O22 ≡
√
3(J2x − J2y )/2. The former has been conﬁrmed to dominate the
AFQ phase in both compounds by the magnetization measurements and neutron diﬀraction
experiments [10, 11]. The energy diﬀerence between the Γ3 doublet and the Γ4 triplet was es-
timated at about 30 K by the speciﬁc-heat and magnetization measurements [12, 13, 14]. The
lattice constant of PrRh2Zn20 at room temperature is 14.2702(3) A˚, which is slightly smaller
than that of PrIr2Zn20 (14.2729(2) A˚) because the radius of Rh ion is smaller than Ir ion [12, 13].
This may bring about a chemical compression and strengthen the hybridization. In addition,
only PrRh2Zn20 exhibits a structural transition with a large hysteresis loop near room tem-
perature [13]. However, there is no evidence indicating a lowering of the cubic CEF symmetry
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accompanied by the structural transition, and thus the existence of the orbital degeneracy at
the ground state is still guaranteed at low temperatures [15].
3 Experimental
PrIr2Zn20 and PrRh2Zn20 have very similar natures as mentioned above. By comparing their
transport properties, we approach the elucidation of multipolar systems. The details of the
samples we used here are listed in Table 1. The resistivity ρ and Seebeck coeﬃcient S were
measured by a standard four-probe method and steady-state method, respectively. To reduce
the contact resistance of the lead wires to the sample, we adopted a spot-welding method. A
dilution refrigerator was used to cool the samples down to 0.04 K. We performed the measure-
ment in the temperature and ﬁeld range of 0.04 < T < 1 K and 0 < B < 9 T, respectively.
For PrIr2Zn20, we measured the both quantities for [100] direction, while for PrRh2Zn20, we
measured the resistivity for [100] and [110] directions, and the Seebeck coeﬃcient for only [110]
direction.
Table 1: Distinction of the samples. The length L means the distance between the voltage
terminal, and the quality was determined by the residual resistivity ratio (RRR): the ratio of
the resistivity at room temperature to the lowest one; ρ(T = 300 K)/ρ(T ∼ 0 K).
Sample Geometry (H ×W × L) RRR Field direction
PrIr2Zn20 0.08 × 0.24 × 1.2 870 [100]
PrRh2Zn20 0.08 × 0.19 × 0.46 300 [100] (ρ), [110] (ρ, S)
4 Electrical Resistivities and Field-Temperature Phase
Diagrams
First, we present the longitudinal resistivity and the phase diagram of PrIr2Zn20 for the [100]
direction in Figure 1(a) and (b), respectively. Resistivity shows a convex temperature depen-
dence around 1 K as shown in the inset of Figure 1. The convex temperature dependence of
the resistivity has also been reported in the other compounds such as CePd2Ga3 [16]. This
temperature dependence is interpreted as an emergence of the magnetic Kondo lattice eﬀect
with the characteristic temperature of about 40 K which is comparable to the ﬁrst excited crys-
tal ﬁeld level of 45 K. On the other hand, the temperature dependence of PrIr2Zn20 has lower
characteristic temperature of about 1 K which is much smaller than the ﬁrst excited crystal
ﬁeld level of 30 K. Therefore, the Kondo eﬀect does not contribute to the convex temperature
dependence of PrIr2Zn20, and the contribution from the non-Kramers doublet would be essen-
tial. Moreover, since this NFL behavior characterized by the convex temperature dependence
can be seen over the wide ﬁeld region, it is completely diﬀerent from the one derived from a
quantum critical phenomenon. Rather, the quadrupole Kondo eﬀect might be related to this
peculiar NFL property. If the quadrupole Kondo eﬀect is the case, an interesting question is
that how to release the residual entropy? At zero ﬁeld, we observed a sharp drop of the resistiv-
ity at the antiferro-quadrupole ordering temperature TQ = 0.12 K. The ordering temperature is
consistent with the one determined by the elastic modulus measurements [17]. With increasing
the magnetic ﬁeld, an additional anomaly denoted by T ∗ appears above 2.5 T. Below T ∗, the
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Figure 1: (a)The temperature-dependence of the resistivities of PrIr2Zn20 in [100] direction
with moderate oﬀsets. The blue and red arrows indicate the AFQ phase transition temperature
TQ and the additional anomaly T
∗, respectively. The inset is the data up to 1 K at 0 T and 5
T. The solid line represents T 2 ﬁt. (b)The phase diagram determined from the resistivity and
(c)the ﬁeld-dependence of the A coeﬃcient for the low temperature limit which shows a peak
at 5 T around which the AFQ phase is collapsed by magnetic ﬁeld. Each lines are guide to the
eyes.
resistivity exhibits a FL-like behavior as it follows a quadratic dependence ρ(T ) = ρ0 +AT
2 as
shown the inset of Figure 1(a). With further increasing ﬁeld, the AFQ anomaly is gradually
suppressed and goes toward 0 K at around 4 T, while T ∗ is almost independent of ﬁeld. Above
6 T, T ∗ cannot be detected and the temperature dependence of the resistivity becomes almost
temperature independent at low temperatures. This T -independency may arise from the split-
ting of the non-Kramers doublet by non-linear Zeeman eﬀect (∝ B2/(EΓ4 − EΓ3)) and, as a
result, ﬁeld-induced singlet is formed below TH .
To elucidate the new state below T ∗, we estimated the ﬁeld-dependence of the A coeﬃcient
from the T 2 ﬁtting to the resistivity data. The extracted A coeﬃcient is shown in Figure 1(c).
From this plot, the A coeﬃcient was found to increase around the critical ﬁeld of the AFQ
phase. Considering that the A coeﬃcient is relevant to the electron mass, we can expect that the
electron mass is enhanced around the AFQ boundary. Since the quasi-particle cannot be deﬁned
if the quadrupole Kondo eﬀect is the case as mentioned Section 1, this newly found that non-
trivial heavy Fermion state is formed instead of quadrupole ordered state to release the residual
entropy. Note that the formation of the heavy-Fermion state around 5 T is also conﬁrmed by
the fact that the Kadowaki-Woods ratio and the dimensionless ration q of the speciﬁc heat and
the Seebeck coeﬃcient are comparable to those of other heavy-Fermion compounds [9].
From the previous extensive studies on the Pr-based compounds, it has been known that
their 4f -electron nature is basically described by the localized picture. For example, PrCu2
with the singlet crystal ﬁeld ground state stabilizes a robust AFQ ordered state and its phase
diagram is well reproduced by the mean-ﬁeld approximation [18, 19]. The antiferromagnetic
phase realized in PrB6 and its diluted system Pr1−xLaxB6 with the triplet crystal ﬁeld ground
state is another example [20]. On the contrary, for Pr 1-2-20 systems such as PrTr2Zn20,
while the 4f -electrons are basically localized at low ﬁelds, namely in the AFQ state, similar to
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Figure 2: (a)The temperature-dependence of the resistivities of PrRh2Zn20 in [100] direction
with moderate oﬀsets. The inset is the data up to 0.6 K at 0 T and 5 T. (b)The phase diagram
and (c)the A coeﬃcient. Unlike the case of PrIr2Zn20, T
∗ still survives at 0 T and the AFQ
phase is suppressed. The A coeﬃcient forms a peak around the AFQ phase boundary.
the above systems, they acquire itinerancy with increasing ﬁeld and eventually form the non-
trivial state with the heavy quasi-particle mass near the AFQ phase boundary. This feature is
obviously distinct from those observed in other Pr-based compounds.
Next, we shall turn to the case of PrRh2Zn20. The temperature dependence of the resistivity
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Figure 3: The phase diagram of PrRh2Zn20 in [110] direction. In this direction, T
∗ varies in
parallel with TQ, and the AFQ is extended to higher ﬁeld compared with the one for the [100]
direction. This is because the non-linear Zeeman eﬀect for the [110] direction is weaker the
[100] direction and thus the splitting of the non-Kramers doublet is relatively small. Therefore,
the AFQ phase is stabilized.
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and the phase diagram are shown in Figure 2(a) and (b), respectively. In this compound, the
anomaly associated with the AFQ ordering TQ is detected at T = 0.07 K at zero ﬁeld . However,
the other anomaly deﬁned as T ∗ is also observed at T = 0.11 K. With increasing ﬁeld, TQ is
completely suppressed around 3.5 T, while T ∗ still survives. Above 6 T, the singlet state that is
also observed in PrIr2Zn20 is formed and the resistivity is almost independent of T . T
∗ anomaly
exists up to around 6 T, and then suddenly vanishes at the intersection of TH . Such features
of T ∗ is similar to that of PrIr2Zn20. Moreover, the NFL behaviors with convex temperature
dependence is similarly observed at high temperatures and the FL-like T 2 dependence is also
found below T ∗ as shown the inset of Figure 2(a).
The A coeﬃcient of the T 2 term of the resistivity is shown in Figure 2(c). The A coeﬃcient is
enhanced around the ﬁeld where the AFQ order is suppressed, similar to PrIr2Zn20. Therefore,
in PrRh2Zn20, a non-trivial heavy Fermion state may also be formed, and the residual entropy of
the non-Kramers doublet may be released by some mechanism related to the mass enhancement.
We also measured the resistivity for [110] direction as shown in Figure 3. In this direction,
we can also detect two anomalies TQ and T
∗ at zero ﬁeld. Therefore the existence of T ∗ in
lower ﬁeld region is found to be independent of the ﬁeld direction. However TQ and T
∗ survive
even at 9 T. This is because the non-linear Zeeman eﬀect is not signiﬁcant. Since TQ seems
to decrease above 7 T, the critical ﬁeld of the AFQ phase in [110] direction is expected to be
around 10 T. In fact, the A coeﬃcient tends to increase above 7 T.
5 Seebeck Coeﬃcient
Previously, we measured the Seebeck coeﬃcient in PrIr2Zn20 and revealed that the mass is not
enhanced at low ﬁeld region [9, 21]. We here measure the Seebeck coeﬃcient in PrRh2Zn20 to
see whether the electron mass is enhanced in the AFQ state for the magnetic ﬁeld parallel to
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Figure 4: (a)The quantum oscillatory Seebeck coeﬃcient at 0.3 K vs the ﬁeld B, and (b) vs
1/B. (c)The temperature dependence of the amplitude of the quantum oscillation around 5.5
T. The broken line indicates the ﬁtting curve by using Equation (1). The inset is the FFT
spectrum at T = 0.06, 0.2, 0.3, 0.4 K.
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the [110] direction. Figure 4(a)(b) shows the ﬁeld dependence of the Seebeck coeﬃcient in [110]
direction at 0.3 K. As seen from the ﬁgure, the oscillation is observed in all ﬁeld range. This
oscillation is conﬁrmed to be a dHvA eﬀect by the inverse-ﬁeld plot (Figure 4(b)). Adapting
the FFT analysis to this oscillation up to 0.5 K, we obtained the spectrum with a branch of 130
T and 2nd harmonics as shown in the inset of Figure 4(c). This value was relatively smaller
than the other heavy-Fermion compounds. Therefore this may be contributed from very small
Fermi surface, and f -electrons may not participate in the Fermi surface. In order to verify the
argument, we estimated the electron mass directly from the dHvA oscillation. Here, we used
the following equation [22]
Samp ∝ π
2 sinh(x)
{x coth(x)− 1} , x = 2π
2kBm
∗T
h¯eH
∼ 14.7(m
∗/m0)T
H
. (1)
Note that this is not the Lifshitz-Kosevich formula because the Seebeck coeﬃcient must be zero
at 0 K, while the Lifshitz-Kosevich formula gives a ﬁnite value at 0 K. By using this equation,
we can calculate the cyclotron mass m∗ from the temperature dependence of the oscillation
amplitude. As a result, we obtain the relatively small mass m∗/m0 ∼ 1.8, and certainly the
electron mass is found not to be enhanced. This result is consistent with the small A coeﬃcient
of the resistivity in [110] direction(Figure 3). Therefore, according to these results, the c − f
hybridization in PrRh2Zn20 would be weak at least in low ﬁeld region.
6 Summary
Our investigation of the resistivity and the Seebeck coeﬃcient of PrIr2Zn20 and PrRh2Zn20
revealed several common points; convex temperature dependence of the resistivity as high
temperatures, a new anomaly at T ∗ appears around the critical ﬁeld of the AFQ phase, the
A coeﬃcient of the resistivity is largely enhanced below T ∗ around the critical ﬁeld, and the
electron mass is not enhanced in low ﬁeld region. Remarkable diﬀerence of these compounds
is absence of T ∗ at zero ﬁeld in PrIr2Zn20, and the existence of T ∗ in PrRh2Zn20. The large
A coeﬃcient would be evidence of forming a non-trivial electronic state with the sizable mass.
Therefore across T ∗, an unprecedented transition or crossover between the NFL and FL liquid
is caused, and this would be essential to release the entropy of the non-Kramers doublet. In
contrast, in low ﬁeld region below the critical value, the A coeﬃcient is not enhanced and the
electron mass had only m∗/m0 ∼ 1.8.
As discussed above, these features are almost independent of a type of compounds, and are
expected to be universal properties in multipolar systems. For more elucidations, next we need
to identify the details of the new state below T ∗.
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